Spontaneous imbibition experiments were carried out on three core samples from the Mardie Greensand and one core sample of Barrow Group sandstone from the Australian North West Shelf. Water uptake into the samples, which were initially airsaturated, was measured by dynamic neutron radiography. The observed data were interpreted by (1) the linear diffusionequation approximation for fluid flow and (2) the Li and Horne model. Both these models were consistent with the observed data, and have similar consequences. The linear diffusion-equation model suggests that a constant diffusion parameter, D w , can adequately describe the observed spontaneous imbibition of water into these samples, under ambient temperature and pressure, throughout most of the imbibition process. The Li and Horne model suggests that (1) the effective water permeability of the sample and (2) water permeability times the capillary pressure gradient within the sample are approximately constant through most of the imbibition process, during these experiments. The combined conclusion of these interpretational methods implies that the water permeability and the capillary pressure-water saturation gradient in these samples are constant throughout most of the imbibition process, under ambient temperature and pressure conditions.
Introduction
Studies of spontaneous imbibition of fluids into capillaries have been dated to the mid-1700s 1 . Spontaneous imbibition experiments can be used to determine (a) effective permeability and capillary pressure in spontaneous water imbibition in water/gas systems 2, 3 , (b) countercurrent imbibition in fractured reservoirs 4 , and (c) initial stage spontaneous imbibition into relatively large radius capillaries 1 .
Further, the X-ray CT technique has been a commonly applied tool to evaluate water saturation in porous samples 2, 3, 5, 6 . Recently, neutron radiography has also been applied to evaluate water saturation in petrophysical studies [7] [8] [9] [10] [11] . Rant et al. 7 carried out some studies of spontaneous imbibition into concrete, using neutron radiography, which supported the Washburn square-root time approximation for horizontal flow 1 . Two of the most common approaches to the interpretation of spontaneous imbibition results are attempts to match the (a) Washburn equation 1 for relatively small imbibition times, and (b) Aronofsky model 2, 4, 12 for large times, when the effects of the boundaries of the porous medium influence the flow.
The Washburn equation 1 suggests that the depth of penetration (h) of the wetting fluid into a porous medium is proportional to the square-root of time (t):
where S is commonly termed the sorption constant. For horizontal flow in constant radius pores, this constant has been shown 14 to be described by
where r is pore radius, γ is interfacial tension, θ is contact angle between the wetting and non-wetting fluids, and µ is the wetting fluid viscosity. The Aronofsky model 2, 4, 12 takes the form:
where R is the ratio of accumulative volume of imbibed water to pore volume and λ is a constant giving the rate of convergence. The variable R may be considered proportional to h for simple geometry. Eqs. 1 and 3 may also be considered similar to the two regimes infinite-acting and late flow, respectively, described by Chen et al. 5 . A number of researchers also have used the linear diffusion model for wetting fluid saturation (concentration) to describe spontaneous imbibition 3, 10 , and Li and Horne 2 have used a piston-flow model to describe spontaneous imbibition of water into air-saturated cores and glass-bead aggregates successfully. It has also been demonstrated that the Li and Horne model encompasses the Washburn equation and the Aronofsky model 4, 12 .
In this paper, we report the results of a series of experiments involving the horizontal imbibition of water into air-filled petroleum-reservoir rocks at room temperature and atmospheric pressure. The aim of the experiments is to observe if the above two flow regimes can be identified, and interpreted in terms of various models of spontaneous imbibition.
Experiments
Samples. Four rock samples were used for these experiments. Three samples were from the Mardie Greensand, which is a variable porosity and moderate to low permeability reservoir rock from the Australian North West Shelf. The other sample is Barrow group sandstone, a relatively high porosity and high permeability reservoir rock also from the Australian North West Shelf. Table 1 shows the laboratory-measured porosity and permeability of these samples.
Experimental Procedure. Spontaneous imbibition of the wetting fluid (water) into the air-filled rock by essentially horizontal fluid flow was achieved by placing a rectangular prism of sample in an aluminum container, and rapidly filling the container to marginally above the top of the sample. Fig. 1 shows the experimental set-up, wherein water is rapidly filled around the sample, and the volume of water moving into the sample is measured by dynamic neutron radiography. Fig. 2 shows a sequence of color-enhanced neutron radiographs demonstrating the imbibition of water into a porous sandstone over time.
The neutron radiography facility used for these experiments is located at Necsa's SAFARI-1 Nuclear Materials Testing Research Reactor in South Africa. The geometry of the neutron radiography set-up, which entails a CDD-camera system, and applications at this reactor have been described by de Beer and Strydom 15 . Petrophysical studies have been carried out by this facility since 2000, and have concentrated on developing a methodology to evaluate dynamic movement of fluids in petroleum rocks and cores both under normal room conditions and under higher pressure (typical core flooding) conditions 11, 13, 16, 17 . Neutron radiography can provide a very accurate estimate of hydrogen content in porous media. The general rule:
where I is the transmitted neutron intensity, I o is the incident neutron intensity, µ N is the neutron attenuation coefficient in g/cm 2 , ρ is the sample density in g/cm 3 and L is the sample/core thickness (cm) in the direct path of neutron transmission. It has been found in recently reported investigations [17] [18] that Eq. 4 does not exactly describe the attenuation behavior of neutrons for relatively large thicknesses of media, which are high neutron scatters (e.g. hydrogen and hydrogen-rich media like water and oil). Thus, in our experiments, to ensure accuracy to be as high as possible in the determination of hydrogen content, we have corrected the neutron transmission for scattering losses by a method suggested by Middleton and de Beer 17 . The method of correction assumes a linear volume fraction relationship for the solid and fluid phases in the medium:
where the subscript m refers to the rock matrix, the subscript w to wetting fluid (water, which is a high neutron scatter), and the subscript nw (non-wetting) to air, and φ is porosity. In fact, ρ nw is so low that the third term in the exponent effectively vanishes for numerical calculations. However, the term , which describes the neutron attenuation behavior of water, is the term that suffers scattering losses. Therefore, we set up an independent set of experiments, whereby we measure the neutron attenuation of different thicknesses (=dL) of the wetting fluid alone. 3 ). We then substitute this value as µ N w ρ w into Eq. 5 for the appropriate fluid.
By this method, we have empirically determined that we could determine water contents within porous rocks to better than 2.7% 17 with the current detector set-up. The neutron-radiography volumetric analysis is performed by selecting a reference area on the radiograph over the sample (usually covering the complete sample area), which provides I and I o . Then, we solve Eq. 5 for V w . In this analysis, we used independently (laboratory) determined values of φ and h, and also µ N m and ρ m (which are consistent with values found elsewhere in the literature 10 ).
Theory

General Flow Equation.
Many researchers believe 14, 18 that the equation governing fluid flow in porous media is adequately described by:
where c is concentration of the wetting fluid (c=S w /φ), S w is the saturation of the wetting fluid, and D w is the diffusion parameter. The diffusion parameter is related to saturation of the wetting fluid (S w ), capillary pressure (P c ) and wetting fluid permeability (k w ) by the expression
Eq. 7 effectively states that the diffusion parameter is proportional to the product of the wetting fluid permeability (k w ) and the slope of the capillary pressure curve (dP c /dS w ). Studies have shown the diffusion parameter (D w ) to be a function of the fluid saturation (S w ), as is the fluid permeability (k w ) 6, 18, 20 . Numerous solutions have been presented, but few have proven satisfactory for general implementations. This equation is the basis of many modern simulators of reservoir flow.
Constant Diffusion Coefficient (1D)
. This is a simple extrapolation of Eq. 6. Assuming D w is a constant, Eq. 6 becomes:
In one dimension, this reduces to:
For the present experiments, the boundary conditions describe water entry into a prism-type block with (almost) instant contact of the fluid medium with the (initially air-filled) porous medium at time = 0. We are looking at the experiment where water enters a prism, which is initially filled with air. The rock (=the prism) is initially filled with air, and is rapidly (instantaneously) surrounded with water as shown in Fig. 1 In the present model, we assume that the entry of water into an air-filled slab (dimensions of 2a s x 2b s x 2h s , where a s and b s extend to infinity and, 2h s is the thickness of the sample block) is in the x-direction, which is horizontal. The final concentration of the rock is C o , which is equivalent to S wf /φ. The time-dependent solution of Eq. 9 is given by Carslaw and Jaeger 19 :
where x is the distance coordinate and t is time after imbibition begins.
This equation describes the concentration as a function of the x-distance coordinate into the rock at time t. We require the total concentration within the rock as a function of time. Thus, we perform the following integration:
which becomes:
For large times, Eq. 12 becomes:
An alternative expression, which is relevant for small times, is
It is interesing to note that Eq. 14 is of similar form to the Washburn Equation 1 for very small times, as the summation term vanishes for this condition. In this case, C total and h, which is the depth of penetraton of the wetting front into the porous medium, are both proportional to √t.
Constant Diffusion Coefficient (3D).
The same analysis can we carried out for flow in three dimensions, assuming D w does not vary with direction. In this case, we solve:
For this model, we assume that the block of rock has sides of dimensions 2a s x 2b s x 2h s , and other assumptions the same as the 1D model. Again, Carslaw and Jaeger 19 provide the means of solution by assuming that the flow in each direction (x, y, and z) is independent, in which case a product solution is applicable. Thus, the total concentration of wetting fluid in the rock as a function of time is given by: An alternative treatment for spontaneous imbibition of water into an initially air-saturated rock was proposed by Li and Horne 2 . They assumed the volumetric flux of water occurs according to Darcy's Law, the gas mobility approaches infinity and a piston-like flow of water occurs into the air-filled rock. The assumption of a piston-like flow is accommodated with the expression ∂P c /∂x = P c /x, where x is the direction of water flow into the rock and P c is capillary pressure.
An expression for water imbibition rate (Q w ) is derived such that:
where R is the gas recovery by water imbibition in terms of pore volume (V p ), and where N wt is the cumulative volume of water imbibed into the sample, V p is the pore volume of the sample, A is crosssectional area, k w is the effective permeability of water, S wf is water saturation behind imbibition front, S wi is initial water saturation, P c is capillary pressure, µ the viscosity of water, L is core length, ∆ρ is the density difference between gas and water, and g is the acceleration due to gravity. Based on this analysis, the parameter {k w dP c /dx} is proposed, such that we can assume that Eq. 18 can also be written as: where the parameter { k w dP c /dx } is traditionally expected to vary during the spontaneous imbibition process. The observed water imbibition in this set of experiments yield some important insights about the behavior of this parameter.
Results and Discussion
The results of the volume increase of water in each of the samples, determined by the neutron-radiography method, are shown in Figs. 4a to 4d . The graphs presented are the ratio of water fraction (for time = t) imbibed versus final water (time=final time). These show an "almost" exponential behavior, and could be coarsely approximated by an Aronofsky model. We have also strived to retain the experiments to a stage that we believe that no further imbibition of water will continue. The Mardie Greensand samples all exhibit a behavior close to what one might expect by the Eq. 3. The Barrow Group sandstone (BG-SST) sample deviates from this behavior, because it appears to have such a rapid intake of water that the initial frames of the dynamic-neutron-radiography experiment cannot document the time-dependent water volume. Indeed, one probably needs to consider the imbibition of BG-SST in the initial 3 seconds of this experiment in terms of the veryearly-time Kornev-Neimark model 1 . An alternative interpretation to the BS-SST data is shown in Fig. 5 , and is discussed further below.
It is valuable, at this point, to suggest that these experiments have been investigating "bulk" water imbibition processes with the porous rocks. Thus, the experiments indicate the "bulk" imbibition of fluids in to various media. These, however, do not represent "local" movement of fluid or the pressure conditions governing "local" processes.
Linear Diffusion Model.
We have attempted to match Eq. 12 and Eq. 16 to the observed data. Figs. 4a to 4d show the match of the 1D and 3D curves for each of the four observed data sets. In the case of the three Mardie Greensand samples, a reasonable match is obtained for both 1D and 3D models. The poorest match is for the R4-P sample. A variable D w may improve these matches. Interestingly, the 1D model provides a better match than the 3D model for the Mardie Greensand samples. This may be explained by the fact that the Mardie Greensand samples are anisotropic with regard to permeability, and the flow in one particular direction probably dominates. The rectangular blocks of Mardie Greensand were cut in such a way (largely due to the way the blocks were cut from the original core) that the highest permeability was in a plane parallel to the largest two dimensions. Thus, we would expect water to enter the sample considerably more rapidly parallel to the a-c plane, rather than move across the smaller distance h.
The Barrow Group sandstone sample had a very high permeability, and is, in effect, homogeneous. In this case, the 3D model provides the best match, but is quite poor, however, if we attempt to match the whole data set with a constant D w model.
An alternative approach to explaining the behaviour of the Barrow Group sample is shown in Fig. 5 . In this approach, we consider that there is a very rapid (<3 sec) initial imbibition that is not described by the diffusion-like flow behaviour.
After this initial period, 3D diffusion-like flow behaviour occurs. Thus, in Fig. 6 , we have a model where there is an almost instantaneous initial influx of water, then imbibition follows the model described by Eq. 16 very well. This type of behaviour is described by Kornev and Neimark 1 for pore systems with simple geometry and large pore throats, and is certainly consistent with the type of behaviour we might expect for such a high permeability rock.
Li and Horne Model. Plots of the imbibition rate (Q w , g/min) versus the reciprocal of gas recovery by water imbibition (1/R) for the four data sets are presented in Figs. 6 to 9. Also, a line of best fit, using linear regression, for these data is also displayed in each of the Figs. 6 to 9. From this regression line, estimates for the parameters a and b [Eqs. 18 and 19] can be found. The fact that a linear curve can be matched to these data also suggest that the parameters a and b are constant for most of the imbibition process. The study by Li and Horne 2 suggests that a linear relationship between Q w and 1/R is expected for much of the spontaneous imbibition process, although the initial imbibition rate may not follow this linear behavior.
The Li and Horne 2 model is matched to the four observed data sets in Figs. 6 to 9. Fig. 6a shows the imbibition rate versus reciprocal of gas recovery (1/R) for sample W1-T. A near linear relationship provides a good match to the observed data, which suggests that Eq. 17, with "a" and "b" constant, provides a good description of the imbibition process for this sample. Fig. 6b shows the model versus the observed gas recovery (R, effectively the ratio of cumulative water imbibition to pore volume) versus time for sample W1-T. The Li and Horne Model is consistent with the observed data for this sample.
Similarly for sample R3-N2, the model curves and the observed data are shown in Figs. 7a and 7b . Again, the Li and Horne Model is consistent with the observed data for this sample.
The model and observed data do not match quite so well for sample R4-P. This discrepancy between model and observed data also occurs for the linear diffusion model for this same sample.
The Barrow Group sandstone sample (BG-SST; Figs. 9a and 9b) exhibits a fair match between the Li and Horne Model and the observed data, but not as good as the two Mardie Greensand samples W1-T and R3-N2. The match in Fig. 9b is quite similar to the match for the linear diffusion model with diffusion constant equal to 1.4 x 10 -5 m 2 /s (see Fig. 4d ). This suggests that a close similarity of the linear diffusion model to the Li and Horne model for highly permeable samples. No attempt has been made to incorporate the Li and Horne Model with the Kornev and Neimark 1 -type behaviour, as shown in Fig. 5 . However, one might anticipate similar results.
Conclusions
We have carried out spontaneous imbibition experiments on four reservoir rocks from the Australian North West Shelf. A simple 1-dimension, constant D w , diffusion-like fluid-flow model appears to provide quite a reasonable match to observed spontaneous imbibition data for these samples. Similarly, the Li and Horne, piston-like imbibition model can also satisfactorily explain the spontaneous imbibition results. Further, the Barrow Group sandstone is very well described by an initial rapid Kornev-Neimark imbibition behavior, followed by a 3-dimensional constant D w , diffusion-like fluid-flow model.
In general consideration, either the linear diffusion (constant diffusion constant) or the Li and Horne Model can provide a reasonable approximation of spontaneous imbibition of water into air-saturated rocks, under ambient temperature and pressure. Both these models, however, contain slightly different petrophysical assumptions, and the fact that both models provide good approximations of the spontaneous imbibition at ambient temperature and pressure begs some further consideration.
The linear diffusion model with constant diffusion parameter (D w ) suggests that k w dP c /dS w is constant in accord with Eq. 7. Further, the Li and Horne model suggests that if Eq. 17 is valid for most of the imbibition process, which data in this paper, as well as their original data 2 , suggest, then the effective water permeability (k w ) and the parameter k w dP c /dS w are also constant for most of the imbibition process.
These experiments appear to indicate that for some spontaneous imbibition of water into air-saturated rocks at ambient temperature and pressure occurs at approximately constant k w , dP c /dS w , and dP c /dx for most of the imbibition process. Departure from these constant values appears to be significant for the initial few seconds of imbibition in highly permeable and porous rocks, when the Kornev and Neimarktype behavior occurs.
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